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Abstract

In the pre-combustion environment, fuels for future high-speed aircrafts are predicted to
take on increasing heat loads in their role as the primary coolant in order to remove excess heat
from engine subsystems. While acting in this role, these fuels are expected to experience
temperatures and pressures up to 700 °C and 130 atm, conditions which are supercritical for jet
fuels and most hydrocarbons. Such extreme conditions can cause fuel decomposition and
subsequent pyrolytic reactions, which can lead to the formation of polycyclic aromatic
hydrocarbons (PAH). PAH are precursors to solids deposits that clog fuel-delivery lines, causing
reduced engine performance and eventual failure. Therefore, it is vital to understand the reaction
pathways which govern PAH formation and growth in the supercritical fuel pyrolysis environment.
Previous work has shown that n-alkanes, a major class of jet fuel components, are prone to
solids formation, and 1-alkenes are abundant in the supercritical n-alkane pyrolysis environment.
In order to better understand the role 1-alkenes have in PAH formation and growth, 1-octene
(critical temperature, 294 °C; critical pressure, 24.6 atm), a representative product of supercritical
n-alkane pyrolysis, has been pyrolyzed in an isothermal, isobaric reactor at 94.6 atm, 133 sec, and
five temperatures between 450 to 535 °C.
Analyses of 18 C1-C4 aliphatic and one-ring aromatic gas-phase products and 54 C5-C14
aliphatic and one- and two-ring aromatic liquid-phase products were performed by gas
chromatography coupled to flame-ionization and mass spectrometry. A two-dimensional highpressure liquid chromatographic technique was employed to separate the PAH products.
Identification and quantification of 116 PAH products of three to nine rings was performed by
diode-array ultraviolet-visible and mass spectrometry, an isomer-specific technique for PAH
analysis.
vi

The facile scission of the weak allylic C–C bond of 1-octene translates to its rapid
conversion. Results indicate that the interactions of alkenes with resonantly stabilized allyl,
methylallyl, arylmethyl, and phenalenyl-type radicals are important to the growth and formation
of high-ring number aromatics. PAH formation and growth are significantly enhanced in the
supercritical 1-octene pyrolysis environment at 535 °C compared to the supercritical n-decane
pyrolysis environment at 530 °C and 540 °C.

vii

Chapter 1 Introduction
1.1 Background
Development of fuel for future hypersonic aircraft will require that fuel itself act as the
primary coolant in order to remove excess heat from aircraft components prior to its combustion.14

While acting this in this capacity, the fuel can experience temperatures up to 700 °C for periods

up to several minutes.1,5 Additionally, high-pressures up to 130 atm are required to keep the fuel
in high-density state, which allows for sufficient heat transfer.6 Such high temperatures and
pressures are in the supercritical regime for jet fuel as well as most hydrocarbons.6
Even though air can provide an alternative means for cooling aircraft subsystems, it would
necessitate the use of bulkier heat exchangers that would add substantial weight to the aircraft,
causing more drag.2,5 Due to the fact that heat exchangers used for endothermic fuels are
comparatively less bulky, it proves advantageous to use these fuels to absorb surrounding excess
heat.
Endothermic hydrocarbon fuels can absorb heat through two main channels: one via
physical heating due to increase in fuel temperature and the other via chemical endothermic
reactions.1,2,5 Endothermic cracking of the fuel causes the hydrocarbon components to break into
smaller high-energy products.1,7,8 The decomposition of the hydrocarbon fuel into these smaller
high-energy products is ideal because it provides the fuel with the best possible heat sink, but
unfortunately, reactions also create unfavorable, high-molecular weight products. Overtime, these
products can lead to the formation of solid deposits that can plug fuel lines and injection nozzles,
in turn, hindering engine performance or worse, causing engine failure.1,8-10
Dissolved oxygen in the fuel presents an additional problem. When oxygen is present in
the fuel and the fuel is exposed to elevated temperatures, autoxidative effects promotes the
1

formation of solids deposits.8-10 Therefore, removing dissolved oxygen enhances fuel performance
by avoiding these autoxidative reactions.
If temperatures exceed 480 °C, even fuels free of oxygen can form solid deposits.1,8 The
high pressures and temperatures the fuel experiences cause it to undergo pyrolytic reactions,
leading to formation of polycyclic aromatic hydrocarbons (PAH).7,11-13 PAH are known precursors
to solids deposits, and as mentioned above, solid deposits can cause a decrease in engine
performance, rendering the aircraft’s operation unsafe.
Hydrocarbon fuels consist primarily of n-paraffins and iso-paraffins (around 60% by
volume)14,15 in addition to naphthenes and aromatics. Since these fuels are complex mixtures,
model fuels, representative of a particular class of jet fuel components, are used for studies which
help to trace PAH products back to a single component. Many different pyrolysis studies have
been conducted on n-alkanes, since this class of compounds makes up a large percentage of jet
fuels, in order to understand what implications alkanes have for PAH growth and formation.
1.2 Previous n-Alkane Pyrolysis Studies
Rice16 investigated the thermal decomposition of saturated hydrocarbons by applying the
concept of chain reactions. He found out that saturated hydrocarbons first undergo unimolecular
scission, which creates two free radicals. These radicals can then abstract hydrogen from
surrounding hydrocarbon molecules to form an alkane and hydrocarbon radical. The new
hydrocarbon radical can react via two pathways. The first is it abstracting hydrogen from a nearby
molecule to form an alkane and another hydrocarbon radical, and the second is it dissociating into
an alkene and a free radical or hydrogen atom. Later, Kossiakoff and Rice17 studied effects of
resonance stabilization on primary, secondary, and tertiary free radicals. They noted that it is
differences in C–H bond energies that are possibly responsible for what type of radicals are formed
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in decomposition reactions. For instance, the decomposition of iso-pentyl radical can follow two
pathways: (1) formation of 1-butene and methyl radical, (2) formation of propene and ethyl radical.
Since ethyl has more resonance than methyl, the second pathway is preferred. They also
determined from the decomposition of long-chain hydrocarbons that radicals have the capability
to undergo unimolecular isomerization.
Song et al.18 and Khorasheh and Gray19 have studied the pyrolysis of longer-chain nalkanes under high pressure. Song et al.18 performed n-tetradecane pyrolysis experiments at a
constant temperature of 450 °C, pressures between 2-9 mPa, and residence times of 6-480 min.
They observed that aliphatic products, n-alkanes and 1-alkenes, were the first to form, and as
residence time increased, there was increase in concentration of cyclic alkanes, followed by
alkylbenzenes, and finally alkylnaphthalenes. Khorasheh and Gray19 performed pyrolysis
experiments with n-hexadecane in a tubular flow reactor at a constant pressure of 13.9 MPa and
temperatures and pressures ranging from 380-450 °C and 0.06 to 2.0 hours respectively. Similar
to Song et al., they observed an abundance of n-alkanes and 1-alkenes. They also proposed that
high pressures aid in the reactions of radicals with 1-alkenes, and in their products, they detected
long-chain n-alkanes ranging from 18 to 31 carbons.
Edwards1 noted that n-alkanes are prone to solids formation. Therefore, to investigate the
efficacy of the n-alkane components of jet fuels in reactions of PAH formation and growth, prior
studies in our research group conducted experiments with the model n-alkane fuel, n-decane.20,21
The effects of temperature on n-decane pyrolysis products were investigated by pyrolyzing ndecane at a constant pressure of 94.6 atm, a fixed residence time of 133 sec, and six temperatures
varying from 530-570 °C.20 Of the summed major aliphatics products, 1-alkenes made up 17.6%
of the aliphatic species at 530 °C and 26.4% at 570 °C, with C2-C4 1-alkenes being the most
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prevalent. The yield-vs-temperature data for one- and two-ring aromatic and PAH products were
fit to the first-order global-kinetic rate expression, and the apparent activation energy, Eapp, and
pre-exponential factor, Aapp, were determined. The calculated Eapp values were found to increase
with increasing size of the aromatic products. Likewise, the yields of PAH products drastically
increased with temperature, with the largest PAH (≥ 6 rings) exhibiting the steepest rises at the
highest temperatures. At the lowest pyrolysis temperatures, only the lowest-ring aromatic products
were present. Also, the yields of the largest PAH were orders of magnitude lower than the lowerring PAH. The values of Eapp and yield-temperature trends of the aromatic products are consistent
with the finding that PAH growth is a result of sequential ring-buildup reactions.
Furthermore, Kalpathy et al.21 performed supercritical pyrolysis experiments with ndecane to which 1-methylnaphthalene and 2-methylnaphthalene were each added as a dopant. The
PAH product yields revealed that the position of the methyl group on the aromatic structure
dictates how PAH-growth reactions proceed. The growth of PAH from 2-methylnaphthalene was
virtually limited to three-ring PAH, but the yields of PAH of up to eight rings were observed to go
up in the 1-methylnaphthalene doping experiments. Upon further examination, they found that 1methylnaphthalene, whose methyl group is adjacent to the “valley” carbon in its naphthalene
structure, and its reaction with ethylene can form the unstable three-ring product, phenalene, which
can readily lose hydrogen to form the resonantly stabilized phenalenyl radical. This radical sets
forth PAH-growth reactions involving the addition of C2-C4 1-alkenes with arylmethyl and
phenalenyl-type radicals, which lead to the formation of PAH of successively higher ring number.
From this study, it is apparent that 1-alkenes and their reactions with resonance-stabilized radicals
are the culprits of rapid PAH growth.

4

1.3 Purpose of This Study
Previous studies have given great insight into the effects the presence of n-alkanes have on
PAH formation and growth. Edwards1 noted that n-alkanes are particularly problematic in regards
to solids formation. Additionally, other n-alkane pyrolysis studies,18,19,21-25 have observed that
alkyl radicals can undergo β scission, which leads to the formation of 1-alkenes. It is evident from
Figure 1.1 how an n-alkane can produce a great amount of 1-alkenes. The β scission of the five
possible decyl radicals results in the formation of C2-C9 1-alkenes (red structures).
Since n-alkanes are prone to forming solids and 1-alkenes are major products of n-alkane
fuel pyrolysis, the purpose of this study is to better understand the role 1-alkenes have in regards
to PAH-growth and formation mechanisms. To this end, experiments with 1-octene (critical
temperature, 294 °C; critical pressure, 26.4 atm), chosen as a representative product of supercritical
n-alkane pyrolysis, have been conducted.
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+
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+

Fig. 1.1 1-Alkene products from the β scission of decyl radicals
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1-heptene

Supercritical pyrolysis experiments with 1-octene have been carried out in isothermal
silica-lined stainless steel tubular reactor. The products are identified and quantified by gas
chromatography and high-pressure liquid chromatography, and the obtained data is analyzed to
better understand reaction mechanisms that occur in the supercritical fuel pyrolysis environment.
1.4 Structure of Thesis
Chapter 2 presents the experimental equipment used to simulate the high-pressure, hightemperature conditions that fuels will experience in future high-speed aircrafts. The analysis
techniques in order to analyze both the gas- and liquid-phase products will be explained. Chapter
3 presents the aliphatic product yields as functions of temperature along with decomposition
mechanism of 1-octene and formation mechanisms of major aliphatic products. Chapter 4 shows
the yields of one-ring aromatic products versus temperature in addition to possible mechanisms
leading to their formation. Chapter 4 presents the yields of two- to eight-ring PAH and PAHformation and growth mechanisms. Finally, Chapter 5 compares the product yields from
supercritical 1-octene pyrolysis to those from supercritical n-decane pyrolysis to help provide
better insight into how 1-alkenes affect PAH growth.
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Chapter 2. Experimental Equipment and Analytical Techniques
2.1 Introduction
In this chapter, the reactor system used for the supercritical pyrolysis experiments with
model fuel, 1-octene, will be explained. Following the description of the reactor system, the
methods used to analyze the gas- and liquid-phase products will be presented. Since the liquidphase products are a complex mixture comprised of aliphatics, one- and two-ring aromatics, and
PAH, particular attention will be paid to the methods used to identify and quantify these products.
In this work, a new method was developed in order to analyze the C5 hydrocarbons by gas
chromatography.
2.2 Supercritical Fuel Pyrolysis Reactor System
The reactor system used in the supercritical pyrolysis experiments simulates the highpressure and high-temperature conditions that fuel will experience in future high-speed aircrafts.
The isothermal, isobaric reactor was designed by Davis26 and previously used by Stewart,27,28
Ledesma et al.,29 McClaine et al.,30 Somers et al.,31 Bagley et al.,32-34 Nguyen,35 Grubb,36 and
Kalpathy et al.20,21,37 for supercritical pyrolysis experiments with different model fuels. The reactor
system, Figure 2.1, consists of three parts: the fuel delivery zone, the heated reaction zone, and the
product collection apparatus. In this section, each of these zones will be explained further in detail.
Prior to being loaded into the syringe pump, the fuel is first sparged with nitrogen for at
least three hours in order to remove any dissolved oxygen. This step is crucial because it ensures
that no auto-oxidative effects can take place within the reactor.7 Once the oxygen is dissolved, the
fuel is manually loaded into the high-pressure syringe pump for delivery of the fuel to the reactor.
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Figure 2.1 Schematic of the supercritical fuel pyrolysis reactor system
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The reactor consists of silica-lined stainless steel tubing (reaction zone) immersed in a
fluidized alumina bath. The stainless steel tubing has an outer diameter of 3.17 mm and an inner
diameter of 2.16 mm, and the silica coating prevents any wall-catalyzed reactions from taking
place. The fluidized alumina bath maintains the temperature within the tubing and ensures
isothermality throughout the reactor length.
Upon entering and exiting the reaction zone, the reactant passes through a water-cooled
shell-and-tube heat exchanger (25 °C), depicted in Figure 2.1, which helps to ensure a consistent
thermal history for the fuel and a constant residence time for each experiment. Once the quenched
product mixture exits the reactor, it passes through a filter (10 μm hole size) to collect any solid
deposits that may have formed inside the reactor and then passes through a dome-loaded back
pressure regulator which maintains constant pressure inside the reactor. The liquid-phase (includes
unreacted fuel) and gas-phase products proceed to the product collection apparatus where they are
collected separately by phase for further analysis. As illustrated in Figure 2.1, the gas-phase
products are collected in a Teflon gas sampling bag connected to a bubble flowmeter that is used
to measure the gas flow rate, and the liquid-phase products are collected in a collection flask that
is immersed in an ice bath.
The supercritical 1-octene pyrolysis experiments were conducted at a fixed pressure and
residence time of 94.6 atm and 133 sec and five temperatures, 450, 475, 500, 520, and 535 °C. For
each of the five temperatures, at least two experiments were performed to check for reproducibility
of the data. Prior to this set of experiments, others were conducted in order to determine the
condition of incipient solids formation, which for 1-octene is at 535 °C, 94.6 atm, and 133 sec.

9

2.3 Product Analysis
As stated above, the products including unreacted fuel are collected separately by liquidphase and gas-phase. The gas-phase products consisting of aliphatics and one-ring aromatics are
analyzed by gas chromatography (GC) with flame-ionization detection (FID). The liquid-phase
products consist of aliphatics, one- and two-ring aromatics, and PAH. Aliphatics and one- and
two-ring aromatics are analyzed by gas chromatography coupled to flame-ionization detection and
mass spectrometry (MS) while PAH of ≥ 3 rings are analyzed by high-pressure liquid
chromatography (HPLC) coupled to ultraviolet-visible (UV) spectroscopy and mass spectrometry.
Section 2.3.1 will cover the analysis of the gas-phase products. The analysis of liquid-phase
products by gas chromatography will be covered in Section 2.3.2 while the analysis of liquid-phase
products by high-pressure liquid chromatography will be covered in Section 2.3.3.
2.3.1 Gas-Phase Product Analysis by Gas Chromatography
The gas-phase products are collected in a Teflon gas sampling bag and diluted with
nitrogen before being shot on an Agilent model 6890 GC/FID. A GS-GasPro fused silica capillary
column (length 30 m, inside diameter 0.32 mm, manufactured by J&W Scientific) is used for
separation. The oven temperature is initially at 35 °C with a hold of 2 minutes, and then, it is
ramped to 240 °C at 10 °C/min with a final hold of 10 min. The injection volume is 0.5 mL, and
the split flow is 5:1. The carrier gas is helium with a flow rate of 5 ml/min. The products analyzed
are C1-C5 aliphatics and one-ring aromatics.
Products are identified by matching retention times with those of known reference
standards. Products which do not have reference standards were identified by their mass spectra
by injecting them on a GC/MS with the same separation method.
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Products are quantified by multiplying the areas from the FID peaks with corresponding
response factors. Response factors were determined by injecting standards with known
concentrations onto the GC/FID. Different concentrations were used to determine that the response
factors used were within the linear range of the FID.
2.3.2 Liquid-Phase Product Analysis by Gas Chromatography
The liquid-phase products are analyzed on an Agilent model 6890 GC/FID in conjunction
with an Agilent model 5973 MS. A HP-5 fused silica capillary column (length: 30 m, inside
diameter: 0.25 mm, film thickness: 0.1 μm, manufactured by J&W Scientific) is used for
separation.
In order to analyze the C6-C14 aliphatics and one-ring aromatics, the sample is first diluted
with dichloromethane. A 2 μL injection is used for FID analysis, and a 4 μL injection is used for
MS analysis. If any of the FID peak areas are not within the linear range, the sample must be
diluted further, and a second 2 μL injection is used for FID analysis, which is illustrated in
Sequence 1 of Figure 2.2. The oven is initially held at 40 °C for 3 minutes, and then, it is ramped
to 280 °C at 4 °C/min with a final 30 minute hold. The carrier gas is helium at a flow rate of 5
ml/min, and the split flow ratio is 5:1.
A new method was developed for this work in order to analyze the C5 hydrocarbons. Since
dichloromethane masks the peaks of the C5 species, the sample is shot neat on both the FID and
MS with an injection volume of 2 μL as seen in Sequence 2 of Figure 2.2. The same method details
used for the analysis of the C6-C14 aliphatics and one-ring aromatics were applied, but the split
flow ratio and carrier gas flow rate were increased to 175:1 and 350 ml/min to compensate for the
fact that the sample is not diluted with dichloromethane before being injected onto the
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Liquid-Phase Products of Supercritical 1-Octene Pyrolysis
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14
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Fig. 2.2 Scheme of the fractionation and analyses of the liquid-phase products from the supercritical pyrolysis of 1-octene. “Fx”
denotes the fraction number.
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GC/FID/MS. This high split ratio was chosen to ensure that the FID peak areas are within the

Abundance

linear range of the FID. Figure 2.3 shows the GC chromatogram of the identified C5 species.

Time (min)
Figure 2.3 GC chromatogram of C5 species from supercritical 1-octene pyrolysis at 535 °C, 133
sec, and 94.6 atm, from left to right: 1-pentene, n-pentane, trans-2-pentene, and cis-2-pentene

From Sequence 3 in Figure 2.2, the two-ring aromatics are first separated from the lighter
and heavier products by normal-phase HPLC. The two-ring aromatics are collected in hexanes
where 2 μL and 4 μL are injected on the FID and MS of the GC respectively. The oven is initially
held at 60 °C for 3 minutes, then ramped to 220 °C at a rate of 4 °C/min, and finally ramped to
280 °C at a rate 15 °C/min with a final hold of 10 min. The split flow ratio is 5:1, and the carrier
gas is helium at a flow rate of 5 mL/min.
2.3.3 Liquid-Phase Products by High-Pressure Liquid Chromatography
PAH products from the supercritical pyrolysis of 1-octene are analyzed by reversed-phase
high-pressure liquid chromatography (HPLC) coupled to ultraviolet-visible (UV) spectroscopy
13

and mass spectrometry (MS). The methods used to achieve the best possible resolution for PAH
product identification and quantification were developed by Bagely32 and additions to the
analytical technique were made by Kalpathy et al.37
Sequences 4 and 5 in Figure 2.2 outline the fractionation and analysis steps used for the
analysis of PAH. Prior to being analyzed by reversed-phase HLPC, the PAH product mixture is
fractionated by ring number using normal-phase HPLC. Normal-phase HPLC is performed on an
Agilent Model 1200 HPLC with diode-array UV absorbance and a fraction collector (FC). The
HPLC/FC is equipped with two Restek normal-phase cyano columns (each with a diameter of 46
mm, length of 250 mm, and particle size of 5 μm) maintained at a temperature of 11 °C with
hexanes as the mobile phase with a flow rate of 1 mL/min. Table 2.1 presents the PAH isomer
classes, which can be found in each fraction. The fractions include the “primary constituents”
which are the unsubstituted parent PAH. Alkylated derivatives of these “primary constituents” are
also collected in each fraction.

Table 2.1 Contents of the 14 fractions from the supercritical pyrolysis of 1-octene
Fraction Number
1
2
3
4
5
6
7
8
9
10
11
12
13
14

Primary Constituents
2-ring, C10H8
3-ring, C13H10
3-ring, C14H10
4-ring, C16H10
4-ring, C18H12
5-ring, C20H12
5-ring, C20H12 and C21H14
6-ring, C22H12
5-ring, C22H14; 7-ring, C24H12
6-ring, C24H14
7-ring, C26H14
8-ring, C28H14
9-ring, C30H14
8-ring, C30H16

14

From the analysis scheme of Figure 2.2, Sequences 3-5 are used to analyze two- to
nine-ring PAH. The two-ring PAH are quantified using Sequence 3, which was previously
discussed in Section 2.3.2. The remaining two- to nine-ring PAH are analyzed by Sequences 4 and
5.
Sequence 4 is used to quantify PAH of three to six rings. The first step of Sequence 4
is the fractionation of the product mixture by normal-phase HPLC into seven fractions. This step
is accomplished by injecting 48 separate 1 μL injections onto the normal-phase cyano columns of
the HPLC/FC. After 48 fractionation rounds, there is an adequate amount of material for each of
the seven fraction to be concentrated down using a Kuderna Danish apparatus and analyzed by
reversed-phase HPLC/UV/MS.
The concentrations of the remaining five- to nine-ring PAH are orders of magnitude
lower than the lower-ring PAH and require analysis by Sequence 5. First, 20 injections at 100 μL
each are made on the normal-phase HPLC/FC in order to separate the higher-ring PAH from the
lighter products. The collected material is then concentrated down, and the remaining solvent is
evaporated using a nitrogen blow down. The second fractionation step consists of fractionating the
material into ten fractions by making 20 injections at 20 μL each on the normal-phase HPLC/FC.
The final step (third step of Sequence 5 in Figure 2.2) is to concentrate each fraction down using
a Kuderna Danish apparatus and analyze the five- to nine-ring PAH products by reversed-phase
HPLC/UV/MS.
In order to analyze each fraction on the reversed-phase HPLC/UV/MS, they are first
concentrated down using a Kuderna Danish apparatus, and then, Fraction 1 is exchanged in 100
μL of dimethyl sulfoxide (DMSO) while the remainder of the fractions are exchanged in 45 μL of
DMSO. DMSO is chosen because it is compatible with solvents used in the methods of the
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reversed-phase analyses. Each fraction is injected at either 1 μL, 4 μL, or 20 μL onto an Agilent
Model 1100 HPLC coupled to ultraviolet-visible diode-array detector and mass spectrometer. A
Restek Pinnacle II PAH octadecylsilica column (C18) (inner diameter of 2.1 mm, length of 250
mm, and particle size of 4 μm) is used for separation of the PAH products. The solvents used in
the methods either consist of pure acetonitrile, pure dichloromethane (DCM), or an
acetonitrile/water mixture. Figure 2.4 is an example of a reversed-phase HPLC chromatogram,
which is obtained from the reversed-phase analysis of Fraction 8. This fraction primarily contains
benzo[ghi]perylene, indeno[1,2,3-cd]pyrene, anthanthrene, and their alkylated derivatives. The
color of each structure corresponds to the degree of alkylation where unsubstituted PAH are in

UV Absorbance

black, singly methylated PAH are in blue, and dimethylated or ethylated PAH are in red.

35

45

55

65

75

85
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105

115

HPLC ElutionTime (min)

Figure 2.4 HPLC chromatogram of six-ring C22H12 PAH and methylated derivatives from the
supercritical pyrolysis of 1-octene at 535 °C, 94.6 atm, and 133 sec. The black structures represent
unsubstituted PAH, the blue structures represent single-methylated PAH, and the red structures
represent dimethylated or ethylated PAH.
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The matching of UV spectra, mass spectra, and retention times from those of reference
standards help to unequivocally identify PAH. For example, parts a and b of Figure 2.5 show the
unequivocal identification of two PAH, benzo[a]pyrene and 8-methylbenzo[a]pyrene. The mass
spectrum establishes the CxHy of a compound, its molecular mass, and whether or not there are
any alkylated substituents. The UV spectrum gives the isomer-specific identification of the PAH.
Therefore, for unsubstituted PAH, the UV spectrum alone is sufficient to establish its identity. For
PAH with alkyl substituents, the UV spectrum remains the same between a parent PAH and its
alkylated derivative except for a shift of a few nm to higher wavelength, which is evident from the
UV spectra of reference standards of benzo[a]pyrene and 8-methylbenzo[a]pyrene (in red lines)
seen in Figure 2.5 as their UV spectra are almost identical. The mass spectrum shown in the inset
of Figure 2.5b indicates that the product is a methylated derivative of benzo[a]pyrene. Its excellent
UV spectral match from that of a reference standard of 8-methylbenzo[a]pyrene helps to establish
its identity as 8-methylbenzo[a]pyrene and nothing else.
In order to quantify the products, the peak areas are multiplied by response factors. A
PAH 16 standard was employed for calibration of the HPLC/UV/MS, and the determined response
factors were used for the quantification of PAH. Since there is a large variety of PAH, it is
impractical and impossible to get the response factor for each individual PAH. However, it has
been shown that response factors do not change on a mass basis,38 so response factors are adapted
to PAH of similar mass families. For alkylated PAH, the response factors were multiplied by the
ratio of the molecular weight of the alkylated PAH to the molecular weight of its parent PAH. This
type of HPLC/UV/MS analysis is well suited for this work since the number of PAH grows
exponentially with ring number.
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Figure 2.4 The black line is the UV spectrum of a PAH product from the supercritical pyrolysis
of 1-octene overlaid with the red line, which is the UV spectrum of a reference standard. The
inset shows the mass spectrum of the compound. By matching the UV spectrum of the unknown
to that of a known reference standard as well as matching the elution time and mass spectrum,
the compound in 2.4a can unequivocally be identified as benzo[a]pyrene and 2.4b as 8methylbenzo[a]pyrene.
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2.4 Concluding Remarks
In this chapter, the experimental setup along with the product analysis used in identification
and quantification of the PAH products have been described in detail. The employment of these
techniques will be highlighted in the presentation and discussion of the results in Chapter 3.
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Chapter 3 Results and Discussion
3.1 Introduction
To investigate the role 1-alkenes have in PAH formation and growth, 1-octene has been
pyrolyzed under supercritical conditions in the reactor described in Section 2.2. Initial experiments
were conducted at a constant pressure of 94.6 atm and a fixed residence time of 133 sec and in the
temperature range of 540–570 °C in order to determine the condition of incipient solids formation.
The condition of incipient solids formation allows experiments to be conducted without solids
eventually clogging the reactor tubing. At 550 °C and 570 °C, the reactor was not even able to be
brought to the required pressure of 94.6 atm and clogged with solids rapidly. At 540 °C, the reactor
was brought to 94.6 atm but after a short duration, it clogged before product collection could be
made. From these experiments, it was determined that 450-535 °C is an adequate temperature
range in order to understand the reaction behavior of 1-octene under supercritical conditions.
This chapter presents the results from supercritical 1-octene pyrolysis experiments at a
fixed pressure and residence time of 94.6 atm and 133 sec and five temperatures: 450, 475, 500,
520, and 535 °C. In Section 3.2, the product yields of aliphatics as functions of temperature will
be presented, and yield trends with respect to temperature will be explained. The decomposition
mechanisms of 1-octene and formation mechanisms of aliphatic products will be shown as well.
The product yields of one-ring aromatics as functions of temperature and their suggested formation
mechanisms will be presented in Section 3.3. In section 3.4, the product yields of two-ring
aromatics and PAH of ≥ 3 rings from supercritical 1-octene pyrolysis experiments at 535 °C, 94.6
atm, and 133 sec in addition to PAH-growth mechanisms will be shown. Finally in Section 3.5,
product yields from supercritical 1-octene pyrolysis experiments at 535 °C, 94.6 atm, and 133 sec
will be compared with product yields from supercritical n-decane pyrolysis experiments at 530
°C, 94.6 atm, and 133 sec and 540 °C, 94.6 atm, and 133 sec.
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Fig. 3.1 Yields, as functions of temperature, of the major aliphatic products from the supercritical pyrolysis experiments of 1-octene at
94.6 atm and 133 s: (a) unreacted 1-octene, (b) C1-C5 n-alkanes and iso-butane, (c) C8-C9 n-alkanes, (d) C10-C14 n-alkanes, (e) C2-C5 1alkenes, (f) C6-C10 1-alkenes, (g) C4 and C5 2-alkenes and other C4 alkenes, and (h) C8 2-alkenes. The yields for n-hexane reported in
part c include minor contributions from co-eluting hexenes.
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3.2 Alkane and Alkene Products
3.2.1 Unreacted 1-Octene and Aliphatic Product Yields
The aliphatic products from the set of experiments mentioned in Section 3.2.1 have been
identified and quantified by the GC analysis methods explained in Sections 2.2.1 and 2.2.2. The
products are composed mainly of C1-C14 n-alkanes and C2-C10 1-alkenes as well as other alkanes
and alkenes. Figure 3.1 presents the yields of these major aliphatic products as functions of
temperature: (a) unreacted 1-octene, (b) C1-C5 alkanes, (c) C6-C9 n-alkanes, (d) C10-C14 n-alkanes,
(e) C2-C5 1-alkenes, (f) C6-C10 1-alkenes, (g) C4 and C5 alkenes, and (h) C8 2-alkenes. The yields
are expressed in mg/g 1-octene fed. The filled symbols in each panel are experimental points, and
the curves drawn are to show the general temperature trend of each product’s yield. It should be
noted that no acetylene or any triple-bonded C–C species are produced in this reaction environment
for the temperature is not high enough to do so.
3.2.2 1-Octene Conversion and Decomposition
It can be seen from Figure 3.1a that as temperature increases from 450 °C to 570 °C, the
yield of 1-octene rapidly falls, which corresponds to an increase in conversion from 37% to 98%
over the temperature range. Gusel’nikov et al.38 and Kiefer et al.39 have shown that the main
dissociation channel of 1-alkenes is the fission of the allylic C–C bond to produce allyl and primary
alkyl radicals. Looking at the bond-dissociation energies of 1-octene in Figure 3.2, the easiest to
break bond is the allylic C–C bond at 73.3 kcal/mol.41 When this bond breaks, it produces an allyl
73.3 kcal/mol

87 kcal/mol

83.4 kcal/mol

Fig. 3.1 Molecular structure of 1-octene and relevant bond dissociation energies41
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and 1-pentyl radical, illustrated by Reaction R1, which can each abstract hydrogen from other
aliphatic species, which are abundant in the reaction environment, to become propene and npentane respectively. Previous studies have shown that high pressures aid hydrogen abstraction
reactions.19,22,25,42 Shown in Figure 3.1e, propene and n-pentane are the highest-yield 1-alkene and
n-alkane as 1-octene converts, giving credence to Reaction R1.

1-octene

allyl

+

1-pentyl

(R1)

Another pathway in which 1-alkene can dissociate is by the scission of any of the C–C
bonds in its alkyl chain,17 which has a bond-dissociation energy of 87 kcal/mol41 as shown by
Figure 3.2. When any of these bonds break, C4-C7 primary alkenyl and C1-C4 primary alkyl radicals
shown in Reactions R2 through R5 can be produced. A primary radical refers to a radical site that
is bonded to only one carbon. Methyl, ethyl, 1-propyl, and 1-butyl can abstract a hydrogen to form

+
1-octene

1-buten-4-yl

1-octene

1-penten-5-yl

1-butyl

+
1-propyl
+
1-octene

1-octene

1-hexen-6-yl
+
1-hepten-7-yl

(R2)

(R3)

(R4)

ethyl
(R5)

methyl

their respective C1-C4 n-alkanes, which are some of the most abundant n-alkanes seen in Figure
3.1b. Similar to these n-alkanes coming from the decomposition of 1-octene, they can also be
produced from the decomposition of other 1-alkenes. In Figure 3.1f, the yields of C5-C10 1-alkenes
first increase and then decrease with temperature, signifying their decomposition into smaller
primary alkenyl and alkyl radicals. As mentioned previously, the alkyl radicals produced from the
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decomposition of 1-alkenes can abstract hydrogen from nearby molecules, resulting in an increase
in C1-C4 n-alkanes. Another route in which C1-C4 n-alkanes can be produced is the by the
dissociation of larger n-alkanes into smaller alkyl-radical fragments,16 which can then abstract a
hydrogen from neighboring molecules to become smaller n-alkanes. The yields of C8-C14 nalkanes — shown in Figures 3.1c and 3.1d — follow the same yield-versus-temperature trend as
C5-C10 1-alkenes noted previously in Figure 3.1f. Their yields first increase and then decrease with
temperature, indicating their decomposition into smaller n-alkanes.
Looking at Figure 3.1e, the yields of propene and 1-butene also increase with temperature,
and similar to C1-C4 n-alkanes, these 1-alkenes can be produced from the decomposition of larger
1-alkenes exemplified by Reactions R1 and R2. 1-Alkenes can also be created from the β scission
of alkyl radicals,19,20,22-25 which is exemplified by Reaction R6 where the β scission of 1-pentyl
produces ethylene. The β scission of primary alkyl radicals is the main pathway for the formation
of ethylene. However, the radical can be placed on sites other than the primary position, and it is
the radical position that influences the type of 1-alkenes that will be produced. Reaction R7 shows
the β scission of 2-pentyl produces propene, and this reaction clearly produces different species
than what is seen in Reaction R6 even though they are both β-scission reactions of a pentyl radical.
The net result of the decomposition of 1-alkenes along with the β scission of alkyl radicals with ≥
3 carbons is the prevalence of C2-C4 1-alkenes which increase with pyrolysis temperature.
(R6)

+
1-pentyl

ethylene

2-pentyl

propene

1-propyl
(R7)

+
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ethyl

3.2.3 C8-C14 n-Alkanes
Previously seen in panels c and d of Figures 3.1, the yields of C6-C14 n-alkanes first increase
with temperature before eventually breaking down. The formation of n-hexane and n-heptane can
initially come from the scission of one of the C–C alkyl bonds in 1-octene seen in Reactions R4
and R5, but these reactions do not account for n-alkanes, which have ≥ 8 carbons. The double bond
in alkenes is extremely susceptible to radical attack, so the major route of formation of the C8-C14
n-alkanes is a primary alkyl radical attacking a 1-alkene.19 Reaction R8 is an example of this type
of reaction where 1-pentyl attacks the double bond in 1-octene to produce 7-tridecyl, which can
then gain hydrogen resulting in n-tridecane. Another minor route in order to form the larger nalkanes is the recombination of two 1-alkyl radicals. Reaction R9 shows that a 1-pentyl radical, a
major product of 1-octene as previously seen by Reaction R1, can recombine with another 1-pentyl
radical to produce n-decane. Looking at Figure 3.1d, it can be seen that such is the case for ndecane is one of the higher-yield n-alkanes around 500 °C.

1-pentyl

+

+H

1-octene

1-pentyl

7-tridecyl

+

1-pentyl

(R8)

n-tridecane

n-decane

(R9)

3.2.4 2-Alkenes
It can be seen from panels g and f of Figure 3.1 that 2-alkenes are the second most abundant
type of alkene in the 1-octene pyrolysis reaction environment. Shabtai et al.43 suggested a possible
formation mechanism of a 2-alkene is from the following sequence: hydrogen abstraction at the
allylic position of a 1-alkene, isomerization of the double-bond to the “2” position, and finally,
hydrogen abstraction from a neighboring molecule to result in a 2-alkene. Figure 3.2 shows that
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the allylic C–H bond of 1-octene is the second easiest bond to break with a bond-dissociation
energy of 83.4 kcal/mol.41 Once this C–H bond breaks, isomerization can result in a 2-alkene,
which is illustrated in Reaction R10 where 1-octene isomerizes to 2-octene. Since 1-octene is the
initial reactant, it is not surprising that an abundance of 2-octenes can be formed in this reaction
environment. Looking at Figure 3.1h, the summed yield of cis-2-octene and trans-2-octene at 475
°C is the highest-yield product among all of the aliphatic species.

-H

+H

1-octene

(R10)

2-octene

Overall, Figure 3.1 shows that C1-C14 n-alkanes and C2-C10 1-alkenes are the highest-yield
aliphatic products in the supercritical 1-octene pyrolysis reaction environment. 1-Alkenes are of
particular importance because Kalpathy et al.21 have shown that C2-C4 1-alkenes and their
reactions with resonantly stabilized radicals — arylmethyl, phenalenyl, and phenalenyl-type
radicals — have the utmost importance for PAH-growth reactions. In the 1-octene reaction
environment, there is an abundance of 1-alkenes, and depicted in Figure 3.1e, propene is the
highest-yield 1-alkene and 1-butene is the third highest in yield, which suggests this reaction
environment is rich in the two resonantly stabilized radicals, allyl and methylallyl. Since radicals
with high carbon number can react with 1-alkenes to form PAH with higher ring number, it is
plausible that lower carbon number radicals, such as allyl and methylallyl, can react with such
alkenes to form one-ring aromatics, which will be discussed more in Section 3.3.
3.3 One-ring Aromatics
3.3.1 One-Ring Aromatic Product Yields
Previously discussed in Section 3.2, the supercritical 1-octene pyrolysis environment
produces an abundance of alkenes as well an abundance of the resonantly stabilized radicals, allyl
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and methylallyl. Just as the addition of 1-alkenes to arylmethyl and phenalenyl-type radicals
produce PAH of successively higher ring number,21 it can be expected that the addition of alkenes
to allyl and methylallyl can lead to the formation of one-ring aromatics, and Figure 3.3 shows that
the supercritical pyrolysis of 1-octene does indeed create a plethora of one-ring aromatics. Figure
3.3 presents the major one-ring aromatics as functions of temperature: (a) benzene, toluene,
xylenes, and styrene; (b) C2-C4 n-alkylbenzenes; (c) C3-substituted alkylbenzenes; and (d) C4substituted alkylbenzenes. Note that yields are expressed in μg/g 1-octene fed.
3.3.2 Alkene Addition to Methylallyl Radical
Methylallyl, a radical that is abundantly produced in the supercritical 1-octene pyrolysis
environment, can react with 1-butene to produce p-xylene, which is illustrated by Reaction R11.
In addition to 1-alkenes, it was noted in Section 3.2 that other alkenes are present, with 2-alkenes
being the second highest-yield alkene products of 1-octene pyrolysis. Reaction R12 shows
methylallyl radical can react with 2-butene to produce o-xylene. Looking at Figure 3.3a, p-xylene
-2H

-H

-2H

(R11)

+

p-xylene

methylallyl 1-butene

+

-2H

-2H

-H

methylallyl 2-butene

(R12)
o-xylene

co-elutes with m-xylene, which is why the yield is expressed as a summation of the two xylenes.
Reaction R11 illustrates the formation of p-xylene from methylallyl radical with 1-butene, a major
aliphatic product, but Reaction R13 shows that m-xylene can be formed from the reaction of
(R13)
+

-2H

-H

methylallyl iso-butene

-2H

m-xylene
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Fig. 3.3 Yields, as functions of temperature, of one-ring aromatics from the supercritical pyrolysis
of 1-octene at 94.6 atm and 133 s: (a) benzene, toluene, styrene, m-xylene, o-xylene, and p-xylene
(b) C2-C4 n-alkylbenzenes, (c) C3-substituted benzenes, and (d) C4-substituted benzenes. Note that
the yields of C3- or C4-substituted benzenes may containing co-eluting species.
methylallyl radical with iso-butene, a minor aliphatic product. Reactions R11, R12, and R13 show
that the combination of methylallyl radicals with different classes of alkenes results in the
formation of one-ring aromatics, more specifically xylenes whose yields are shown in Figure 3.3a.
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3.3.3 Alkene Addition to Allyl Radical
Apparent from Reaction R1, allyl radical is readily produced in this reaction environment,
and similar to methylallyl radical, it is resonantly stabilized. Therefore, allyl radical can participate
in reactions with alkenes to produce one-ring aromatics also. Allyl can react with propene,
exemplified by Reaction R14, to produce benzene, which is the second highest-yield one-ring
aromatic product of 1-octene pyrolysis. Its yields as functions of temperature are presented in
Figure 3.3a. Similarly, allyl can participate in reactions with 1-alkenes of even higher carbon
+

-2H

-H

(R14)

-2H

allyl propene

benzene

number, and in the case of Reaction R15, the reaction of allyl with 1-butene results in toluene.
Figure 3.3 reveals that toluene is the highest-yield one-ring aromatic even though the yield of 1-

+

-2H

-H

allyl 1-butene

-2H

(R15)
toluene

butene is less than that of propene. This discrepancy indicates the possibility of other toluene
formation mechanisms. If methylallyl radical was replaced with allyl radical in Reactions R12 and
R13, the reactions would result in toluene, which provides additional channels for toluene
formation. It should be noted that these aren’t the only possible channels for toluene formation as
will be seen in the upcoming discussion.
Just as allyl radical reacts with propene in Reaction R14 and 1-butene in Reaction R15, it
can also react with higher carbon number 1-alkenes to produce n-alkylbenzenes with longer chain
alkyl substituents. Allyl radical can react with 1-pentene (Reaction R16), 1-hexene (Reaction R17),
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and 1-heptene (Reaction R18) to form ethylbenzene, n-propylbenzene, and n-butylbenzene
respectively. Figure 3.3b shows that the yields of n-propylbenzene and n-butylbenzene begin to

+

-2H

-H

(R16)

-2H

allyl 1-pentene

+

allyl

ethylbenzene

-2H

-H

1-hexene

(R17)

-2H

n-propylbenzene

(R18)

+
-2H

-H

allyl 1-heptene

-2H

n-butylbenzene

slightly level off as temperature increases, which signifies possible decomposition of the products.
The aromatic C–C bond of one-ring aromatics has a bond dissociation energy of 122 kcal/mol,44
and from the supercritical pyrolysis experiments performed with 1-methylnaphthalene and toluene
in the same reactor,30,31,35,36 it is known that the temperatures of this reaction system (≤ 700 °C)
are not high enough to cause rupture of the aromatic ring. It was also observed from
methylnaphthalene doping experiments conducted in the same reactor by Kalpathy et al.21 that the
aryl C–H bond does not break with temperatures ≤ 570 °C. On the other hand, Figure 3.4 shows
that the bond-dissociation energies of the benzylic C–C bonds for C2-C4 n-alkylbenzenes are 45.6
to 47.1 kcal/mol lower than the bond-dissociation energy of the C–C aromatic bond. Therefore,
the facile scission of the benzylic C–C bond means that n-alkylbenzenes can readily make benzyl
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88.5 kcal/mol

74.9 kcal/mol

76.4 kcal/mol

75.3 kcal/mol

Fig. 3.4 Relevant bond-dissociation energies of toluene, ethylbenzene, n-propylbenzene, and nbutylbenzene41

radical, which can abstract a hydrogen from nearby molecules, leading to the formation of toluene
shown by Reaction R19. The numerous reactions of allyl radical with alkenes provides a great
opportunity for toluene formation, which is why it is logical that toluene is the highest-yield onering aromatic product.

ethylbenzene
+H

-C2H5

n-propylbenzene

benzyl

(R19)
toluene

n-butylbenzene

3.3.4 C3- and C4-Substituted Benzenes
Panels c and d of Figure 3.3 show that C3- and C4-substituted benzenes exist among the
one-ring aromatic products of supercritical 1-octene pyrolysis. However, due to lack of reference
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standards, the exact structural identity of each product could not be determined. It was shown by
Reactions R11, R12, and R13 that it is type of alkene methylallyl radical reacts with which
determines where the methyl substituents are positioned on the aromatic unit. If the alkenes in
Reactions R11, R12, and R13 were replaced by alkenes with ≥ 4 carbons or branched alkenes, the
reactions could lead to C3- and C4-substituted benzenes whose yields are presented in Figures 3.3c
and d. Once again, the same yield-versus-temperature trend which was witnessed for some of the
n-alkylbenzenes where the yields start to level off at the highest temperatures is also witnessed for
C3- and C4-substituted benzenes. Similar to what was depicted in Reaction R19 where nalkylbenzenes can lead to the formation of toluene, the benzylic C–C scission of these C3- and C4substituted benzenes along with hydrogen abstraction can lead to formation of xylenes whose
yields are presented in Figure 3.3a.
Overall, the resonantly stabilized radicals, allyl and methylallyl, and their reactions with
alkenes play a key role in the formation of one-ring aromatics. Figure 3.3 shows that toluene is the
highest-yield one-ring aromatic due to the fact that there are numerous possible pathways to its
formation. Of particular interest are the n-alkylbenzenes which can readily make benzyl radical by
the scission of the benzylic C–C bond. Benzyl, like allyl and methylallyl, is a resonantly-stabilized
radical, so just as it was seen that alkene addition to methylallyl and allyl radicals produced onering aromatics, it can be expected that alkene addition to benzyl radical can produce two-ring
aromatics. Note that not only is it that n-alkylbenzenes can produce benzyl radical but toluene as
well for its benzylic C–H bond (88.5 kcal/mol41 shown in Figure 3.4) can be broken. In Section
3.4, the implications benzyl radical has on two-ring aromatic formation will be investigated along
with subsequent PAH-growth reactions.
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3.4 Polycyclic Aromatic Hydrocarbons (PAH)
The PAH yields shown in this section are from the supercritical 1-octene pyrolysis
experiments conducted at 535 °C, 94.6 atm, and 133 sec. At this experimental condition, PAH
yields are the greatest.
3.4.1 Two-Ring Aromatics
It was discussed in Section 3.3 that n-alkylbenzenes and toluene can readily produce benzyl
radical, which is resonantly stabilized similar to methylallyl and allyl radicals. It can be anticipated
that benzyl radical reacting with alkenes will lead to the formation of two-ring aromatics.
Unsurprisingly, depicted in Figure 3.5 are the yields of some two-ring aromatic products of
supercritical 1-octene pyrolysis. Analogous to Reactions R14 and R15 where allyl radical reacts
with propene and 1-butene respectively, benzyl radical can also react with propene and 1-butene
to form two-ring aromatics. Reactions R20 and R21 show that propene addition to benzyl radical
1800
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Fig. 3.5 Yields of two-ring aromatics from the supercritical pyrolysis of 1-octene at 535 °C, 94.6
atm, and 133 sec: from left to right, indene, 1-methylindene, 2-methylindene, 3-methylindene,
naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene.
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can produce 3-methylindene or naphthalene, and exemplified by Reaction R22, 1-butene addition
to benzyl radical can form 1-methylnaphthalene.36 Additionally, benzyl can combine with ethylene
to produce indene as shown by Reaction R23.36 Similar to Reaction R13 where methylallyl reacts
-5H

+

(R20)
naphthalene

propene

benzyl

-3H

+
benzyl

3-methylindene

propene
+

-5H

(R22)
1-methylnaphthalene

1-butene

benzyl
+
benzyl

(R21)

-3H

(R23)
indene

ethylene

reacts with iso-butene, Reaction 24 shows that iso-butene addition to benzyl radical can lead to
the formation of 2-methylnaphthalene. The yields of products resulting from Reactions R21
through R24 are presented in Figure 3.5 along with the product yields of 1-methylindene and 2methylindene.
-5H

+
benzyl

iso-butene

(R24)
2-methylnaphthalene

The product yields of Figure 3.6 reveal that other two-ring aromatics, ethylated and
dimethylated naphthalenes, are produced in the 1-octene pyrolysis environment. Looking at
Reactions R22 and R24, if benzyl were to be replaced by methylbenzyl, then its reaction could
lead to the formation of some of these dimethylnaphthalene. As for 2-ethylnaphthalene and 1ethylnaphthalene, these products can result from methylation to their respective naphthylmethyl
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radicals.21 Just like toluene and n-alkylbenzenes are key precursors of benzyl formation, 1methylnapthalene and 1-ethylnaphthalene are key precursors of 1-naphthmethyl formation, and 2methylnaphthalene and 2-ethylnaphthalene are key precursors of 2-naphthylmethyl formation.21
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Fig. 3.6 Yields of two-ring aromatics from the supercritical pyrolysis of 1-octene at 535 °C, 94.6
atm, and 133 sec: from left to right, 2-ethylnaphthalene, 1-ethylnaphthalene, 2,6- and 2,7dimethylnaphthalenes, 1,3- and 1,7-dimethylnaphthalenes, 1,6-dimethylnaphthalene, 2,3- and 1,4dimethylnaphthalenes, 1,5-dimethylnaphthalene, 1,2-dimethylnaphthalene, and 1,8- dimethylnaphthalene.
3.4.2 Three-Ring PAH
Some of the two-ring aromatic products in Section 3.4.1 can form their respective
arylmethyl radicals and combine with 1-alkenes that are abundant in the reaction environment to
form three-ring PAH. For example, as shown in Reactions R25 through R32, the reactions of
naphthylmethyl radicals with C2-C4 1-alkenes result in numerous three-ring PAH. Reactions R25
through R32 are similar to reactions of benzyl radical with alkenes where the products formed are
of subsequent higher ring number. Illustrated in Reactions R25 and R26, 2-naphthylmethyl’s
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reaction with ethylene can produce either benz[f]indene or benz[e]indene.21 Due to the positon of
its methyl group, 1-napthylmethyl’s reaction with ethylene can only produce benz[e]indene as
exemplified by Reaction R26.21 Unlike 2-methylnaphthalene, the methyl group of 1-

-3H

+
2-naphthylmethyl

benz[f]indene

-3H

+

1-naphthylmethyl

(R25)

ethylene

(R26)

ethylene

benz[e]indene

methylnaphthalene is positioned adjacent to a “valley” carbon, meaning that its radical has the
facility to reach across and form cyclic structures. Therefore, the addition of ethylene to 1naphthylmethyl can produce phenalene and 1-methylacenaphthylene as well, depicted in
ReactionsR27 and R28.21 The yields of the three-ring products from Reactions R25 through R28
are presented in Figure 3.7.

-3H

(R27)

+
1-naphthylmethyl

ethylene

phenalene

+H

-H
-3H

(R28)

1-methylacenaphthylene

Just as benzyl reacts with propene and 1-butene in Reactions R20, R21, and R22 to form
two-ring aromatics, the naphthylmethyl radicals can react also with propene and 1-butene to
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produce three-ring PAH. Reactions R29 and R30 show that the addition of propene to 2naphthylmethyl yields both phenanthrene and anthracene whereas the addition of propene to 115
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Fig. 3.7 Yields of two-and three-ring PAH from the supercritical pyrolysis of 1-octene at 535 °C,
94.6 atm, and 133 sec: from left to right, acenaphthene, acenaphthylene, 1-methylacenaphthylene,
2-vinylnaphthalene, benz[e]indene, benz[f]indene, and phenalene.
naphthylmethyl radical yields phenanthrene only.21 This result is similar to what was shown in
Reactions R25 and R26 where 2-naphthylmethyl reacting with ethylene produces both
benz[e]indene and benz[f]indene, but 1-methylnaphthyl’s reaction with ethylene solely produces
benz[e]indene. Looking at the yields of anthracene and phenanthrene in Figures 3.8 and 3.9, it can
be seen that phenanthrene is produced in greater abundance than anthracene. Since phenanthrene
has a higher number of aromatic sextets than anthracene, phenanthrene is the preferred isomer.44
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Fig. 3.8 Yields of three-ring PAH from the supercritical pyrolysis of 1-octene at 535 °C, 94.6
atm, and 133 sec: from left to right, anthracene, 1-methylanthracene, 2-methylanthracene, 9methylanthracene, and 7H-benz[de]anthracene.
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Fig. 3.9 Yields of three-ring PAH from the supercritical pyrolysis of 1-octene at 535 °C, 94.6 atm,
and 133 sec: from left to right, phenanthrene, 1-methylphenanthrene, 2-methylphenanthrene, 3methylphenanthrene, 4-methylphenanthrene, 9-methylphenanthrene, and 4H-cyclopenta[def]phenanthrene.
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If 1-butene was substituted for propene in Reactions R29 and R30, 1-butene addition to 2naphthylmethyl would produce 4-methylphenanthrene, and 1-naphthylmethyl reacting with 1butene would produce 1-methylphenanthrene, which is illustrated by Reactions R31 and R32.21

1-butene

2-naphthylmethyl

4-methylphenanthrene

(R32)

-5H

+
1-naphthylmethyl

(R31)

-5H

+

1-butene

1-methylphenanthrene

The position of the methyl group of 4-methylphenanthrene being in the bay region causes repulsion
and thus drives the methyl group to migrate to the neighboring “3”, “2”, and “1” positions, which
explains why the yield of 4-methylphenanthrene is so low in Figure 3.8. Such an observation was
previously shown by Kalpthay et al.21 Other plausible reaction mechanisms which can result in
methylphenanthrenes and methylanthracenes include the combination of propene to arylmethyl
radicals of dimethylnaphthalenes.
So far it has been shown that arylmethyl radicals drive forward PAH-growth reactions and
that the position of the methyl group on the aromatic ring dictates how these reactions proceed. It
is possible for methylanthracenes and methylphenanthrenes to form arylmethyl radicals, which
can have further implications on PAH growth. Other possible contenders are phenalene and 7Hbenz[de]anthracene for they have an extremely low C–H bond-disscoation energy (74-76
kcal/mol)41 at their saturated carbon position making these compounds extremely prone to forming
the resonant-stablized phenalenyl-type radicals. Like arylmethyl radicals, phenalenyl and
phenalenyl-type radicals can react with 1-alkenes present in the reaction environment, which opens
up the gateway for further PAH-growth reactions.
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3.4.3 Four- and Five-Ring PAH
Figure 3.10 presents the yields of pyrene and methylpyrenes that are formed in the
supercritical 1-octene pyrolysis reaction environment. Reaction R33 shows propene additon to
phenalenyl radical forms pyrene whereas Reaction R34 shows 1-butene addition to phenalenyl
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Fig. 3.10 Yields of four-ring PAH from the supercritical pyrolysis of 1-octene at 535 °C, 94.6 atm,
and 133 sec: from left to right, pyrene, 1-methylpyrene, 2-methylpyrene, and 4-methylpyrene.

forms 1-methylpyrene.21 Pyrene is essentially a dead end for any further PAH-growth, since at the
reaction conditions of this study neither the strong aromatic C–C or aryl C–H bonds can be broken
as perviously noted in Section 3.3.3, but notice that the methyl group on 1-methylpyrene is adjacent
to a valley carbon. Similar to Reactions R27 and R28 where the position of 1-
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(R33)

+
phenalenyl

propene

pyrene

40
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(R34)

+
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1-butene

1-methylpyrene

naphthylmethyl’s methyl group allowed formation of cyclic structures, 1-pyrenylmethyl’s reaction
with ethylene can produce 4-methylcylclopenta[cd]pyrene shown in Reaction R35 or 6Hbenzo[cd]pyrene shown in Reaction R36.21 Yields of these products products as well as other fourand five-ring PAH are presented in Figure 3.11.
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Fig. 3.11 Yields of four- and five-ring PAH from the supercritical pyrolysis of 1-octene at 535 °C,
3.4.4 Six- to Eight-Ring PAH
94.6 atm, and 133 sec: from left to right, 6H-benzo[cd]pyrene, 3,4-dihydrocyclopenta[cd]pyrene,
cyclopenta[cd]pyrene, 4-methylcyclopenta[cd]pyrene, and 2-vinylpyrene.
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3.4.4 Six- to Eight-Ring PAH
Considering the products in Reactions R35 and R36, each can form resonantly stabilized
radicals. The addition of propene to the radical of 4-methylcyclopenta[cd]pyrene yields
indeno[1,2,3-cd]pyrene.21 However, the non-fully aromatic 6H-benzo[cd]pyrene holds the same
structural distinction as phenalene in which it can readily lose hydrogen at its saturated carbon site
and form benzo[cd]pyrenyl, which is resonance-stabilized. Reaction R37 shows that
benzo[cd]pyrenyl reacting with propene forms benzo[ghi]perylene.21 In Reaction R38, another
resonance structure of benzo[cd]pyrenyl reacting with propene forms anthanthrene.21 Yields of the
products from the radicals of 4-methylcyclopenta[cd]pyrene and benzo[cd]pyrenyl reacting with

-5H

+
benzo[cd]pyrenyl

propene

benzo[ghi]perylene

(R38)

-5H

+
benzo[cd]pyrenyl

(R37)

propene

anthanthrene

propene are shown in Figure 3.12. Notice that yield of benzo[ghi]perylene is about four times
greater than anthanthrene. Just as it was seen that the formation of phenanthrene is favored over
anthracene in Section 3.4.2 due to the aromatic-sextet criteria of Clar,45 formation of
benzo[ghi]perylene, the product with more aromatic sextets, is preferred over anthanthrene.
Instead of reacting with propene in Reaction R37, if benzo[cd]pyrenyl were to react with
1-butene, the result would be the formation of 5-methylbenzo[ghi]perylene. The yields of
benzo[ghi]perylene and its six methylated derivatives are presented in Figure 3.13 where four
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Fig. 3.12 Yields of six-ring PAH from the supercritical pyrolysis of 1-octene at 535 °C, 94.6 atm,
and 133 sec: from left to right, benzo[ghi]perylene, indeno[1,2,3-cd]pyrene, and anthanthrene.
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of the six methylbenzo[ghi]perylenes have their methyl group adjacent to a valley carbon. Time
and time again, it was seen that having the methyl group positioned next to a valley carbon has
fruitful consequences for PAH growth. Therefore, ethylene and propene addition to the arylmethyl
radicals derived from methylbenzo[ghi]perylenes will lead to the formation of seven- and eightring PAH whose yields are presented in Figure 3.14.21
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Fig. 3.14 Yields of seven and eight-ring PAH from the supercritical pyrolysis of 1-octene at 535
°C, 94.6 atm, and 133 sec: from left to right, dibenzo[b,ghi]perylene, dibenzo[e,ghi]perylene,
naphtha[1,2,3,4-ghi]perylene, phenanthro[5,4,3,2-efghi]perylene and benzo[cd]naphtho[3,2,1,8pqra]perylene, benzo[pqr]naphtho[8,1,2-bcd]perylene, and benzo[ghi]naphtho[8,1,2-bcd]perylene.

From the previous study in our group with n-decane21 and the present study with 1-octene,
it is apparent that the reactions of arylmethyl and phenalenyl-type radicals with alkenes have great
consequences for rapid PAH growth in the supercritical pyrolysis environment of 1-octene as well
as of n-decane. Although the same reaction mechanisms take place during the pyrolysis of the
model compounds, 1-octene and n-decane, the rate at which these reactions occur will most likely
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differ. Section 3.5 will present a comparison of the product yields from supercritical 1-octene
pyrolysis to those yields from supercritical n-decane pyrolysis of Kalpathy37 to give further insight
into the influence 1-octene has on PAH formation and growth.
3.5 Comparison of Product Yields from the Supercritical Pyrolysis of 1-Octene and n-Decane
3.5.1 Conversion of 1-Octene versus n-Decane
It was mentioned in Chapter 2, that the condition of incipient solids formation for 1-octene
is 535 °C, 94.6 atm, and 133 sec, and that experiments were performed above this temperature
resulted in the reactor tubing plugging with solids. On the contrary, the condition of incipient solids
formation for n-decane is 570 °C, 94.6 atm, and 133 sec. This 35 °C difference already insinuates
that 1-octene is more reactive than n-decane.
From Figure 3.2, it was seen that the easiest to break bond of 1-octene is its allylic C–C
bond at 73.3 kcal/mol.41 Figure 3.15 reveals that the alkyl C–C bonds of n-decane have the lowest
86.1 – 87.5 kcal/mol

Fig. 3.15 Molecular structure of n-decane and relevant bond-dissociation energies41
bond-dissociation energies ranging from 86.1-87.5 kcal/mol.41 Comparing the bond-dissociation
energies of 1-octene to n-decane, it is observed that 1-octene’s allylic C–C bond is 12.8 to 14.2
kcal/mol lower than n-decane’s alkyl C–C bonds. The lower-bond dissociation energy for the
easiest to break bond of 1-octene versus n-decane translates into faster 1-octene conversion. For
instance, at 535 °C, 1-octene converts 98%, but at 530 °C and 540 °C, n-decane only converts 57%
and 69% respectively. It is only at 570 °C — the temperature that corresponds to the condition of
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incipient solids formation for n-decane —that the conversion of n-decane reaches 92%, which is
still 6% less than the conversion of 1-octene at 535 °C.
Not only is it the more rapid conversion of 1-octene that has greater implications for
aromatic-ring formation and growth but also, the type of products that result from the initial
decomposition of the model fuels. The main decomposition pathway of 1-octene, shown by
Reaction R1, leads to 1-pentyl and allyl radicals, and allyl can react with the 1-octene itself and
other abundant alkenes, leading to the formation of one-ring aromatics. However, looking at Figure
3.15, the scission of any of n-decane’s alkyl C–C bonds results in two primary alkyl radicals but
no allyl radical. Therefore, one-ring aromatic formation is not set forth by the initial decomposition
of n-decane. Rapid fuel conversion, increased rate of pyrolytic reactions, and a reaction
environment enhanced in resonance-stabilized radicals and alkenes provide 1-octene with the
necessary means that aid in aromatic-ring formation and growth.
3.5.2 1-Octene and n-Decane: One-Ring Aromatic Yields
Section 3.3 explained that resonantly stabilized methylallyl and allyl radicals and alkenes
are key intermediates for the formation of one-ring aromatics. Since 1-octene initially has an
abundance of allyl and methylallyl radicals along with alkenes in its reaction environment, these
reactants set forth the reactions that result in the formation of one-ring aromatics. In order for ndecane to produce 1-alkenes which can then produce allyl and methylallyl radicals, it must first
lose hydrogen at any of its sites in its alkyl chain and then undergo β scission, which was
demonstrated in the scheme of Figure 1.1. Since 1-octene’s reaction environment is initially richer
in allyl and methylallyl radicals as well as alkenes, it could be expected that the yields of one-ring
aromatics from 1-octene pyrolysis would exceed those from n-decane pyrolysis, which is indeed
the case as shown by Figure 3.16.
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Figure 3.16 shows that the yields of toluene and n-alkylbenzenes from supercritical 1octene pyrolysis at 535 °C (the red bars) are far greater than the yields from supercritical n-decane
pyrolysis at 530 °C (the blue bars) and 540 °C (the green bars). The results in Chapter 3 revealed
that n-alkylbenzenes along with toluene can readily form benzyl radical, which is resonantly
stabilized, and it was shown in Section 3.4.1 that the subsequent reactions of benzyl with alkenes
lead to the formation of two-ring aromatics. In the 1-octene reaction environment, the higher yields
of toluene and n-alkylbenzenes means a greater production of benzyl. This richer radical pool, in
turn, should result in higher yields of two-ring aromatics.
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Fig. 3.16 Yields of one-ring aromatics from the supercritical pyrolysis at 94.6 atm and 133 s of
( ) 1-octene at 535 °C, ( ) n-decane at 540 °C, and ( ) n-decane at 530 °C: from left to right,
toluene, ethylbenzene, p-xylene co-eluting with m-xylene, o-xylene, n-propylbenzene, summed
C3-substituted benzenes with co-elutants, n-butylbenzene co-eluting with a C4-substituted
benzene, summed C4-substituted benzenes with co-elutants, and n-pentylbenzene co-eluting with
a C5-substituted benzene and other co-elutants.
3.5.3 1-Octene and n-Decane: Two-Ring Aromatic Yields
Figure 3.17 presents the yields of two-ring aromatic products which form from the addition
of C2 to C4 alkenes to benzyl radical as exemplified by Reactions R20 through R24. Since the
47

yields of one-ring aromatics that are precursors to benzyl are greater for 1-octene, it is not
surprising that the two-ring aromatic product yields of 1-octene are two orders of magnitude higher
than those of n-decane.
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It was discussed in Section 3.4.1 that substituted two-ring aromatics can form arylmethyl
radicals, which can undergo ring-building reactions by reacting with 1-alkenes. Of particular
interest are compounds where the methyl group is adjacent to a valley carbon, for example 1methylnaphthalene, which allows for the formation of cyclic structures. Among the classes of
possible cyclic structures are phenalene-type compounds that can easily lose hydrogen at their
saturated carbon position to produce phenalenyl-type radicals. These resonantly stabilized radicals
were shown to be the key precursors in PAH-growth reactions in Section 4 of this work and in the
study of Kalpathy et al.21
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3.5.4 1-Octene and n-Decane: Summed Yields of Two-Ring Aromatics and Three- to NineRing PAH
Since the product yields of the two-ring aromatics in Figure 3.16 are higher for 1-octene at
535 °C (red bars) than for n-decane at 530 °C (blue bars) and 540 °C (green bars), 1-octene’s
radical pool will be richer in arylmethyl radicals. Also notice that the yield of 1methylnaphthalene, the precursor to phenalene, in Figure 3.16 is far greater for 1-octene pyrolysis,
indicating that there will be more phenalenyl radical in the 1-octene reaction environment. Due to
supercritical 1-octene pyrolysis producing more arylmethyl and phenalenyl-type radicals, the
product yields of PAH greater than two rings should be greater for 1-octene pyrolysis than for ndecane pyrolysis. Figure 3.17 presents the summed product yields of two-ring aromatics and PAH
of three to nine rings from 1-octene pyrolysis at 535 °C (red bars) and n-decane at 540 °C (green
bars) and 530 °C (blue bars). It can be seen from panels a through d in Figure 3.17 that the product
yields of two-ring aromatics and three- to five-ring PAH of n-decane are at least two orders of
magnitude lower than those of 1-octene. In fact at either temperature of 530 °C or 540 °C, n-decane
does not make PAH greater than five rings.
Although n-Alkanes are known to be problematic in regards to solids formation,1 1alkenes, major products of supercritical n-alkane pyrolysis, are found to be even more problematic.
Supercritical pyrolysis experiments with n-decane can be conducted at 570 °C, but such is not the
case for 1-octene for the reactor tubing rapidly plugs with solids at this temperature. This
occurrence gives rise to the fact that 1-octene has an increased PAH-production rate. The rapid
formation and growth of PAH from supercritical 1-octene pyrolysis stems from its fast conversion,
which leads to a reaction environment that is rich in alkenes and resonantly stabilized radicals.
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Fig. 3.17 Summed yields of two- to nine-ring PAH from the supercritical pyrolysis at 94.6 atm and 133 s of ( ) 1-octene at 535 °C,
( ) n-decane at 540 °C, and ( ) n-decane at 530 °C. Note that n-Decane does not produce PAH ˃ 4 rings at 530 °C and does not
produce PAH ˃ 5 rings at 540 °C.
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3.6 Summary
In order to understand the role 1-alkenes have in PAH-formation and growth mechanisms,
supercritical pyrolysis experiments with 1-octene, a representative product of supercritical nalkane pyrolysis, have been conducted at constant pressure of 94.6 atm, a fixed residence time 133
sec, and five temperatures, 450, 475, 500, 520, and 535 °C. From experiments, it was determined
that the condition of incipient solids formation for 1-octene is 535 °C, 94.6 atm, and 133 sec.
Overall, the products of supercritical 1-octene pyrolysis contain aliphatics (mainly C1-C14 nalkanes and C2-C10 1-alkenes), one- and two-ring aromatics, and three- to nine-ring PAH.
The conversion of 1-octene increases from 37% to 98% over the temperature range of 450
°C to 535 °C, and looking at the bond-dissociation energies of 1-octene in Figure 3.2, its
dissociation can occur via three different routes. The primary decomposition pathway of 1-octene
is its facile scission of the allylic C–C bond, which yields allyl and 1-pentyl radicals. It can also
decompose via scission of any of the C–C bonds in its alkyl chain, which leads to the formation of
n-alkanes and 1-alkenes with less than eight carbon atoms. Lastly, 1-octene can lose its allylic
hydrogen, which results in its isomerization to 2-octene. The high yields of propene and 1-butene
in Figure 3.1e suggest to an abundance of allyl and methylallyl in the supercritical 1-octene
pyrolysis environment.
The reactions of allyl and methylallyl radicals with alkenes are responsible for the
formation of one-ring aromatics whose yields are presented in Figure 3.3. Toluene is the highestyield one-ring aromatic product due to the numerous pathways that lead to its formation. The two
principal pathways of toluene formation are as follows: (1) 1-butene addition to allyl and (2) the
scission of the benzylic C–C bonds of n-alkylbenzenes followed by hydrogen abstraction from
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molecules in close proximity. The abundance of toluene and n-alkylbenzenes suggests a great
abundance of benzyl radical is present in the 1-octene pyrolysis environment.
Just like the reactions of allyl and methylallyl radicals lead to the production of one-ring
aromatics, alkene addition to benzyl results in the formation of two-ring aromatics. Methylsubstituted two-ring aromatics are ready sources of resonance-stabilized arylmethyl radicals whose
subsequent reactions with 1-alkenes lead to PAH of higher ring number. Of the PAH produced,
phenalene benzologues play a key role in PAH growth due to their ability to readily make
resonance-stabilized phenalenyl-type radicals. The reactions of arylmethyl and phenalenyl-type
radicals with 1-alkenes are primarily responsible for the production of many of 1-octene’s favored
PAH products of up to eight rings.
1-Octene, just like n-decane, has the key ingredients — 1-alkenes and resonance-stabilized
allylic, arylmethyl, and phenalenyl-type radicals — that aid in PAH production and growth.
However, when comparing the summed product yields of two-ring aromatics and three- to ninering PAH from supercritical pyrolysis at 94.6 atm and 133 sec of 1-octene at 535 °C to n-decane
at 530 °C and 540 °C in Figure 3.17, it is apparent that 1-octene’s reaction environment is much
more conducive to PAH growth. The initial decomposition of 1-octene leads to allyl radical, which
can react with 1-octene itself and other alkenes in its reaction environment to form aromatic
products whereas n-decane’s initial decomposition does not result in these key players that are
essential for aromatic-ring formation. The reaction environment of 1-octene is more plentiful in
resonantly stabilized radicals and alkenes, which facilitate aromatic-ring-building reactions.
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Chapter 4 Conclusions and Recommendations
4.1 Summary
In addition to their role as the propellant, fuels for future high-speed aircrafts will also act
as the primary coolant by absorbing heat from engine components. These fuels will be subjected
to temperatures and pressures up to 700 °C and 130 atm respectively, conditions which are well
above the critical temperature and pressure of jet fuels as well as most hydrocarbons. Under such
high-stressing conditions, the hydrocarbon fuels will undergo pyrolytic reactions that lead to the
formation of polycyclic aromatic hydrocarbons (PAH), precursors to carbonaceous solid deposits.
These solid deposits clog fuel lines in the pre-combustion environment, hindering engine
performance or worse, causing engine failure. Therefore, it is vital to understand the reaction
pathways that form PAH in order to uncover which species are particularly problematic with
regards to PAH growth.
The work of Edwards1 noted that n-alkanes are prone to solids formation. Previous work
from our group20,21 with n-decane, an n-alkane component of jet fuels, has ascertained this
statement made by Edwards1 and has also established that 1-alkenes are major products of
supercritical n-decane pyrolysis. To gain more insight into the mechanistic implications 1-alkenes
have in PAH-growth and formation reactions, supercritical pyrolysis experiments have been
performed with 1-octene, a representative product of supercritical n-alkane pyrolysis. The
experiments are conducted in an isobaric, isothermal tubular reactor at a constant pressure of 94.6
atm, a fixed residence time of 133 sec, and five temperatures ranging from 450 °C to 535 °C. The
C1-C14 aliphatic and one- and two-ring aromatic products are analyzed by gas chromatography
(GC) with flame-ionization detection (FID) coupled to mass spectrometry (MS). For this work, a
new GC method was developed in order to identify and quantify the C5 aliphatic products. The
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development of this method was essential because it allowed to establish that the primary
dissociation pathway for 1-octene is the scission of its allylic C–C bond. The PAH products are a
highly complex mixture of unsubstituted and substituted PAH of three to nine rings. Therefore, a
two-dimensional high-pressure liquid chromatographic (HPLC) technique is employed to separate
the products, and diode-array ultraviolet-visible detection (UV) and mass spectrometry (MS) are
used for isomer-specific characterization of the PAH.
Due to the very weak allylic C–C bond of 1-octene, the conversion of 1-octene is
significant; it is 37% converted even at 450 °C. As pyrolysis temperature increases to 535 °C, the
conversion of 1-octene rapidly increases from 37% to 98%. The conversion of 1-octene
corresponds to an abundance of n-alkanes and 1-alkenes in its reaction environment. In general, it
is observed that the yields of the C1-C4 n-alkanes and C2-C4 1-alkenes continue to increase with
pyrolysis temperature while n-alkanes and 1-alkenes with ≥ 5 carbons first increase and then
decrease with temperature, signifying their decomposition. From these yield-versus-temperature
trends, it is evident that the larger n-alkanes and 1-alkenes break down into smaller n-alkanes and
1-alkenes. A secondary pathway in which 1-alkenes can form is by the β scission of alkyl radicals.
The results show that 2-alkenes are also present in the 1-octene pyrolysis environment with 2octenes being the highest-yield 2-alkenes. Hydrogen abstraction at the allylic C–H bond of 1octene and subsequent isomerization results in 2-octene. From the aliphatic yields, it is observed
that propene and 1-butene are in abundance, which suggest that the 1-octene reaction environment
is rich in allyl and methylallyl radicals, which are resonantly stabilized.
Previous work from our group20 has shown that the reactions of C2-C4 1-alkenes with the
resonantly stabilized arylmethyl and phenalenyl-type radicals have great implications on PAH-
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growth reactions. Similar to these reaction types, the proposed mechanisms in the present study
suggest that one-ring aromatics form from the addition of alkenes to allyl and methylallyl radicals.
Allyl radical reacting 1-alkenes with ≥ 4 carbons leads to the formation of toluene and nalkylbenzenes, which are particularly abundant in the supercritical 1-octene pyrolysis
environment, with toluene being the highest-yield aromatic hydrocarbon produced. The scission
of the benzylic C–H bond of toluene or the very weak benzylic C–C bonds of n-alkylbenzenes
readily produces benzyl, also a resonantly stabilized radical. Benzyl can react with the alkene
products of 1-octene to form two-ring aromatics.
Similar to toluene forming benzyl radical, 1-methylnaphthalene and 2-methylnaphthalene
can form their respective naphthylmethyl radicals, which are also resonantly-stabilized. PAHgrowth mechanisms stemming from 2-naphthylmethyl essentially stop at phenanthrene, since this
molecule is extremely stable. However, 1-napthylmethyl’s reaction with ethylene can form the
unstable molecule, phenalene, whose C–H bond at the saturated carbon position has a very low
bond-dissociation energy. Facile scission of this C–H bond results in phenalenyl radical, which is
another type of resonantly stabilized radical. Phenalenyl radical sets forth a sequence of reactions,
which result in PAH of successively higher ring number. From one-ring aromatic formation
mechanisms to subsequent ring-building mechanisms of PAH, the interactions of resonantly
stabilized radicals with alkenes are shown to play a key role in PAH formation and growth.
When comparing the product yields of supercritical 1-octene pyrolysis products to the
product yields of supercritical n-decane pyrolysis, it becomes evident how much more problematic
1-alkenes are in regards to PAH growth and formation. Due to the fact that 1-octene’s easiest to
break bond is 12.8-13.2 kcal/mol lower than n-decane’s, 1-octene converts at a much faster rate.
Also, n-decane must undergo β scission in order to produce 1-alkenes which perpetuate aromatic-
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ring formation and growth. However, the unimolecular dissociation of 1-octene produces allyl
radical which can react with 1-octene itself and other alkenes in its reaction environment to form
alkylated one-ring aromatics that are ready sources of arylmethyl radicals.
In summary, 1-octene greatly enhances PAH formation and growth reactions due to its
facile decomposition. Alkenes and resonantly stabilized radicals, which include but are not limited
to, allyl, methylallyl, benzyl, arylmethyl, and phenalenyl-type radicals, prove to be the main
ingredients for PAH-formation and growth reactions.
4.2 Future Work and Recommendations
In order to understand the effects of temperature on PAH from the supercritical pyrolysis
of 1-octene, the PAH products, if formed, from the 1-octene pyrolysis experiments at the remaining
temperatures of 450, 475, 500, and 520 °C will be identified and quantified. In addition to the 116
PAH identifications and quantifications presented in this work, recent work from our group has
led to the identification of 89 additional PAH products in the supercritical n-decane pyrolysis
environment. Since this work has shown that 1-octene pyrolysis produces the same PAH products
as n-decane pyrolysis, except in higher abundance, one would believe that these 89 PAH would be
produced by 1-octene as well and that 1-octene might produce other PAH in addition to these 89
identified PAH. Therefore, further analyses will be performed in order to identify whether these
89 PAH exist among the supercritical 1-octene pyrolysis products and whether or not 1-octene
produces additional PAH. Upon identification, the product quantifications will also be made.
Since much is known about the supercritical pyrolysis of n-alkanes, it might prove
beneficial to investigate the supercritical pyrolysis of a branched alkane. Similar to n-alkanes, isoalkanes are major components of jet fuels.14,15 Supercritical pyrolysis experiments with iso-octane,
a chosen representative of iso-paraffin jet fuel components, could be performed, and the
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comparison of its products yields to those of n-decane and 1-octene can provide insight into what
effects alkane branching has on PAH production and growth.
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Appendix A. GC and HPLC Response Factors

Table A1. GC response factors of C1-C4 hydrocarbons and one-ring aromatics

Compound

GC Response Factor (ppm/area)

methane

3.895

ethane

2.083

ethylene

2.113

propane

1.389

propene

1.409

isobutane

1.095

butane

1.071

1-butene

1.086

1,3-butadiene

1.007

trans-2-butene

1.094

isobutene

1.079

cis-2-butene

1.063

benzene

0.890

toluene

0.715

61

Table A2. GC response factors of C7-C10 hydrocarbons and one- and two-ring aromatics

Compound

GC Response Factor
((mg/ml)/area)

1-octene

8.440E-09

n-heptane
n-octane

8.470E-09
7.670E-09

n-nonane

7.460E-09

n-decane

7.520E-09

toluene

7.140E-09

ethylbenzene

7.110E-09

m-xylene

6.840E-09

o-xylene

7.130E-09

indene

8.980E-09

naphthalene

7.300E-09

1-methylnaphthalene

7.700E-09

2-methylnaphthalene

7.440E-09
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Table A3. HPLC response factors of two- to six-ring PAH

Compound

HPLC Response Factor
((mg/ml)/area)

Naphthalene

1.787E-04

acenaphthylene
acenaphthene

1.697E-04
1.670E-04

fluorene

1.845E-04

phenanthrene

1.449E-04

anthracene

1.548E-04

fluoranthene

1.343E-04

pyrene

1.274E-04

benzo(a)anthracene

1.166E-04

chrysene

1.209E-04

benzo(b)fluoranthene

1.129E-04

benzo(k)fluoranthene

1.046E-04

benzo(a)pyrene
dibenz(a,h)anthracene

1.938E-04
1.107E-04

benzo(ghi)perylene

1.340E-04

indeno(1,2,3-cd)pyrene

1.080E-04
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Appendix B. PAH Product Yields
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Fig. B1 Yields of three-ring PAH from the supercritical pyrolysis of 1-octene at 535 °C, 94.6
atm, and 133 sec: from left to right, fluorene, 1-methylfluorene, 2-methylfluorene, 3methylfluorene, 4-methylfluorene, and 9-methylfluorene.
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Fig. B2 Yields of four-ring PAH from the supercritical pyrolysis of 1-octene at 535 °C, 94.6 atm,
and 133 sec: from left to right, fluoranthene, 1-methylfluoranthene, 7-methylfluoranthene, 4methylfluoranthene and 8-methylfluoranthene, 2-methylfluoranthene and benzo[a]fluorene and
benzo[b]fluorene, acephenanthrylene, benzo[c]fluorene, and methylbenzo[c]fluorene.
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Fig. B3 Yields of four-ring PAH from the supercritical pyrolysis of 1-octene at 535 °C, 94.6 atm,
and 133 sec: from left to right, benz[a]anthracene, chrysene, and triphenylene.
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Fig. B4 Yields of five-ring PAH from the supercritical pyrolysis of 1-octene at 535 °C, 94.6
atm, and 133 sec: from left to right, benzo[e]pyrene, benzo[a]pyrene, benzo[j]fluoranthene,
benzo[k]fluoranthene, and benzo[b]fluoranthene.
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Fig. B5 Yields of five-ring PAH from the supercritical pyrolysis of 1-octene at 535 °C, 94.6
atm, and 133 sec: from left to right, benzo[e]pyrene, 1-methylbenzo[e]pyrene, 9-methylbenzo[e]pyrene, 2-methylbenzo[e]pyrene, 10-methylbenzo[e]pyrene, 3-methylbenzo[e]pyrene, and
4-methylbenzo[e]pyrene.
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Fig. B6 Yields of five-ring PAH from the supercritical pyrolysis of 1-octene at 535 °C, 94.6 atm,
and 133 sec: from left to right, benzo[a]pyrene, 12-methylbenzo[a]pyrene, 5-methylbenzo[a]pyrene, 11-methylbenzo[a]pyrene, 6-methylbenzo[a]pyrene, 10-methylbenzo[a]pyrene,
7-methylbenzo-[a]pyrene, 9-methylbenzo[a]pyrene 1-methylbenzo[a]pyrene 4-methylbenzo[a]pyrene 3-methyl-benzo[a]pyrene, and 2-methylbenzo[a]pyrene
and 8-methylbenzo[a]pyrene.
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Fig. B7 Yields of five-ring PAH from the supercritical pyrolysis of 1-octene at 535 °C, 94.6 atm,
and 133 sec: from left to right, benzo[a]pyrene, benzo[e]pyrene, benzo[j]fluoranthene,
benzo[b]fluoranthene, benzo[a]fluoranthene, benzo[k]fluoranthene, perylene, naphtho[1,2a]fluorene, naphtho[2,1-a]fluorene, dibenzo[a,h]fluorene.
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Fig. B8 Yields of five-ring PAH from the supercritical pyrolysis of 1-octene at 535 °C, 94.6
atm, and 133 sec: from left to right, dibenz[a,c]anthracene, dibenz[a,j]anthracene, pentaphene,
dibenz[a,h]anthracene, benzo[b]chrysene, picene, benzo[a]naphthacene.
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Fig. B9 Yields of six-ring PAH from the supercritical pyrolysis of 1-octene at 535 °C, 94.6 atm,
and 133 sec: from left to right, naphtho[2,1-a]pyrene, naphtho[2,3-a]pyrene,
dibenzo[a,e]pyrene, dibenzo[a,i]pyrene, naphtho[2,3-e]pyrene, and dibenzo[e,l]pyrene and
benzo[b]perylene.
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Fig. B10 Yields of seven-ring PAH from the supercritical pyrolysis of 1-octene at 535 °C, 94.6
atm, and 133 sec: from left to right, coronene, 1-methylcoronene, dibenzo[cd,lm]perylene,
dibenzo[b,ghi]perylene, dibenzo[e,ghi]perylene, naphtho[1,2,3-ghi]perylene, naphtho[8,1,2bcd]perylene, benz[a]indeno[1,2,3-cd]pyrene, benz[def]indeno[1,2,3-qr]chrysene, benz[def]indeno[1,2,3-hi]chrysene, and indeno[1,2,3-cd]perylene.
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Fig. B11 Yields of eight- and nine-ring PAH from the supercritical pyrolysis of 1-octene at 535
°C, 94.6 atm, and 133 sec: from left to right, benzo[a]coronene, phenanthro[5,4,3,2efghi]perylene and benzo[cd]naphtho[3,2,1,8-pqra]perylene, benzo[pqr]naphtho[8,1,2-bcd]perylene, benzo[ghi]naphtho[8,1,2-bcd]perylene, and naphtho[8,1,2-abc]coronene.
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Appendix C. List of Quantified Aromatic Products
Table C1. Quantified aromatic products of supercritical 1-octene pyrolysis.
Product Name

Formula

Structure

M. W.

Benzene

C6H6

78

Toluene

C7H8

92

Styrene

C8H8

104

Ethylbenzene

C8H10

106

o-Xylene

C8H10

106

m-Xylene

C8H10

106

p-Xylene

C8H10

106

Indene

C9H8

116

n-Propylbenzene

C9H12

120

Naphthalene

C10H8

128

1-Methylindene

C10H10

130

2-Methylindene

C10H10

130

3-Methylindene

C10H10

130

n-Butylbenzene

C10H14

134

1-Methylnaphthalene

C11H10

142

2-Methylnaphthalene

C11H10

142

n-Pentylbenzene

C11H16

148

Acenaphthylene

C12H8

152

2-Vinylnaphthalene

C12H10

154

Acenaphthene

C12H10

154
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Table C1 (continued). Quantified aromatic products of supercritical 1-octene pyrolysis
Product Name

Formula

Structure

M. W.

2-Ethylnaphthalene

C12H12

156

1-Ethylnaphthalene

C12H12

156

2,6-Dimethylnaphthalene

C12H12

156

2,7-Dimethylnaphthalene

C12H12

156

1,3-Dimethylnaphthalene

C12H12

156

1,7-Dimethylnaphthalene

C12H12

156

1,6-Dimethylnaphthalene

C12H12

156

2,3-Dimethylnaphthalene

C12H12

156

1,4-Dimethylnaphthalene

C12H12

156

1,5-Dimethylnaphthalene

C12H12

156

1,2-Dimethylnaphthalene

C12H12

156

1,8-Dimethylnaphthalene

C12H12

156

1-Methylacenaphthylene

C13H10

166

Benz[f]indene

C13H10

166

Benz[e]indene

C13H10

166

Phenalene

C13H10

166

Fluorene

C13H10

166

Dibenzofulvene

C14H10

178

Phenanthrene

C14H10

178

Anthracene

C14H10

178

9-Methylfluorene

C14H12

180
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Table C1 (continued). Quantified aromatic products of supercritical 1-octene pyrolysis
Product Name

Formula

Structure

M. W.

1-Methylfluorene

C14H12

180

2-Methylfluorene

C14H12

180

3-Methylfluorene

C14H12

180

4-Methylfluorene

C14H12

180

4H-Cyclopenta[def]phenanthrene

C15H10

190

9-Ethylidenefluorene

C15H12

192

9-Methylphenanthrene

C15H12

192

1-Methylphenanthrene

C15H12

192

2-Methylphenanthrene

C15H12

192

3-Methylphenanthrene

C15H12

192

4-Methylphenanthrene

C15H12

192

9-Methylanthracene

C15H12

192

1-Methylanthracene

C15H12

192

2-Methylanthracene

C15H12

192

9-Ethylfluorene

C15H14

194

Fluoranthene

C16H10

202

Acephenanthrylene

C16H10

202

Pyrene

C16H10

202

9-Ethylphenanthrene

C16H14

206

7H-Benz[de]anthracene

C17H12

216
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Table C1 (continued). Quantified aromatic products of supercritical 1-octene pyrolysis
Product Name

Formula

Structure

M. W.

3-Methylfluoranthene

C17H12

216

1-Methylfluoranthene

C17H12

216

7-Methylfluoranthene

C17H12

216

8-Methylfluoranthene

C17H12

216

2-Methylfluoranthene

C17H12

216

Benzo[a]fluorene

C17H12

216

Benzo[b]fluorene

C17H12

216

Benzo[c]fluorene

C17H12

216

1-Methylpyrene

C17H12

216

2-Methylpyrene

C17H12

216

4-Methylpyrene

C17H12

216

Benzo[ghi]fluoranthene

C18H10

226

Cyclopenta[cd]pyrene

C18H10

226

Benz[a]anthracene

C18H12

228
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Table C1 (continued). Quantified aromatic products of supercritical 1-octene pyrolysis
Product Name

Formula

Structure

M. W.

Chrysene

C18H12

228

Triphenylene

C18H12

228

2-Vinylpyrene

C18H12

228

3,4-Dihydrocyclopenta[cd]pyrene

C18H12

228

Methylbenzo[c]fluorene

C18H14

230

1-Ethylpyrene

C18H14

230

4H-Benzo[cd]fluoranthene

C19H12

240

4-Methylcyclopenta[cd]pyrene

C19H12

240

6H-Benzo[cd]pyrene

C19H12

240

1-Methylchrysene

C19H14

242

3-Methylchrysene

C19H14

242

5-Methylchrysene

C19H14

242

6-Methylchrysene

C19H14

242

1-Methyltriphenylene

C19H14

242
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Table C1 (continued). Quantified aromatic products of supercritical 1-octene pyrolysis
Product Name

Formula

Structure

M. W.

2-Methyltriphenylene

C19H14

242

Benzo[a]fluoranthene

C20H12

252

Benzo[b]fluoranthene

C20H12

252

Benzo[k]fluoranthene

C20H12

252

Benzo[j]fluoranthene

C20H12

252

Benzo[a]pyrene

C20H12

252

Benzo[e]pyrene

C20H12

252

Perylene

C20H12

252

4-Methyl-4H-benzo[cd]fluoranthene

C20H14

254

Methylbenzo[a]fluoranthene

C21H14

266

Dibenzo[a,c]fluorene

C21H14

266

Dibenzo[a,h]fluorene

C21H14

266

Naphtho[1,2-a]fluorene

C21H14

266

Naphtho[2,1-a]fluorene

C21H14

266
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Table C1 (continued). Quantified aromatic products of supercritical 1-octene pyrolysis
Product Name

Formula

Structure

M. W.

Naphtho[2,3-a]fluorene

C21H14

266

7-Methylbenzo[a]pyrene

C21H14

266

9-Methylbenzo[a]pyrene

C21H14

266

8-Methylbenzo[a]pyrene

C21H14

266

2-Methylbenzo[a]pyrene

C21H14

266

12-Methylbenzo[a]pyrene

C21H14

266

5-Methylbenzo[a]pyrene

C21H14

266

11-Methylbenzo[a]pyrene

C21H14

266

10-Methylbenzo[a]pyrene

C21H14

266

6-Methylbenzo[a]pyrene

C21H14

266

1-Methylbenzo[a]pyrene

C21H14

266

4-Methylbenzo[a]pyrene

C21H14

266

3-Methylbenzo[a]pyrene

C21H14

266

3-Methylbenzo[e]pyrene

C21H14

266
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Table C1 (continued). Quantified aromatic products of supercritical 1-octene pyrolysis
Product Name

Formula

Structure

M. W.

4-Methylbenzo[e]pyrene

C21H14

266

2-Methylbenzo[e]pyrene

C21H14

266

10-Methylbenzo[e]pyrene

C21H14

266

1-Methylbenzo[e]pyrene

C21H14

266

9-Methylbenzo[e]pyrene

C21H14

266

Indeno[1,2,3-cd]pyrene

C22H12

276

Benzo[ghi]perylene

C22H12

276

Anthanthrene

C22H12

276

Benzo[b]chrysene

C22H14

278

Dibenz[a,h]anthracene

C22H14

278

Dibenz[a,j]anthracene

C22H14

278

Benzo[a]naphthacene

C22H14

278

Pentaphene

C22H14

278

Picene

C22H14

278
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Table C1 (continued). Quantified aromatic products of supercritical 1-octene pyrolysis
Product Name

Formula

Structure

M. W.

Benzo[g]chrysene

C22H14

278

Dibenz[a,c]anthracene

C22H14

278

Methyldibenzo[a,c]fluorene

C22H16

280

Methylindeno[1,2,3-cd]pyrene

C23H14

290

7-Methylbenzo[ghi]perylene

C23H14

290

6-Methylbenzo[ghi]perylene

C23H14

290

5-Methylbenzo[ghi]perylene

C23H14

290

3-Methylbenzo[ghi]perylene

C23H14

290

1-Methylbenzo[ghi]perylene

C23H14

290

4-Methylbenzo[ghi]perylene

C23H14

290

Methylbenzo[g]chrysene

C23H16

292

Methyldibenz[a,c]anthracene

C23H16

292

Coronene

C24H12

300

Naphtho[2,3-b]fluoranthene

C24H14

302
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Table C1 (continued). Quantified aromatic products of supercritical 1-octene pyrolysis
Product Name

Formula

Structure

M. W.

Naphtho[1,2-b]fluoranthene

C24H14

302

Dibenzo[j,l]fluoranthene

C24H14

302

Dibenzo[a,e]pyrene

C24H14

302

Benzo[b]perylene

C24H14

302

Dibenzo[e,l]pyrene

C24H14

302

Dibenzo[a,l]pyrene

C24H14

302

Naphtho[2,1-a]pyrene

C24H14

302

Naphtho[2,3-a]pyrene

C24H14

302

Naphtho[2,3-e]pyrene

C24H14

302

Naphtho[1,2-e]pyrene

C24H14

302

Dibenzo[a,i]pyrene

C24H14

302

Dibenzo[b,j]fluoranthene

C24H14

302

1-Methylcoronene

C25H14

314
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Table C1 (continued). Quantified aromatic products of supercritical 1-octene pyrolysis
Product Name

Formula

Structure

M. W.

Fluoreno[1,9-ab]pyrene

C26H14

326

Benz[a]indeno[1,2,3-jk]pyrene

C26H14

326

Benz[a]indeno[1,2,3-cd]pyrene

C26H14

326

Dibenzo[e,ghi]perylene

C26H14

326

Indeno[1,2,3-cd]perylene

C26H14

326

Dibenzo[b,ghi]perylene

C26H14

326

Naphtho[1,2,3,4-ghi]perylene

C26H14

326

Naphtho[8,1,2-bcd]perylene

C26H14

326

Dibenzo[cd,lm]perylene

C26H14

326

Tribenz[a,c,h]anthracene

C26H16

328

Benzo[c]pentaphene

C26H16

328

Benzo[h]pentaphene

C26H16

328

Benzo[pqr]naphtho[8,1,2-bcd]perylene

C28H14

350
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Table C1 (continued). Quantified aromatic products of supercritical 1-octene pyrolysis
Product Name

Formula

Structure

M. W.

Benzo[ghi]naphtho[8,1,2-bcd]perylene

C28H14

350

Benzo[cd]naphtho[3,2,1,8-pqra]perylene

C28H14

350

Phenanthro[5,4,3,2-efghi]perylene

C28H14

350

Benzo[a]coronene

C28H14

350

Tribenzo[b,j,l]fluoranthene

C28H16

352

Benzo[e]naphtho[2,1-a]pyrene

C28H16

352

Benzo[e]naphtho[2,3-a]pyrene

C28H16

352

Naphtho[8,1,2-abc]coronene

C30H14

374

Benzo[cd]naphtho[1,2,3-lm]perylene

C30H16

376
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